Two-dimensional materials are one of the most active areas of nanomaterials research. Here we report the structural stability, electronic and vibrational properties of different monolayer configurations of the group IV elemental materials silicene and germanene. The structure of the stable configuration is calculated and for planar and low (<1 Å) atomic buckling configurations, analysis of the electronic band structure reveals linear band dispersion giving rise to massless Dirac fermions with a Fermi velocity about two-thirds that of graphene.
Introduction
Two-dimensional layered materials 1 such as graphene 2 , hexagonal boron nitride 3 and the transition metal dichalcogenides 4 , offer considerable potential to exploit a range of attractive electronic properties and to take advantage of their inherent 2D structure, either as single or few layers, or as part of a layered heterostructure. [1] [2] [3] [4] Graphene is the most widely studied 2D monolayer (ML) material and many of its properties reflect its distinctive low energy electronic band structure. 5 Around the Dirac point, where the occupied  and unoccupied  * states cross, the band dispersion is linear leading to quasiparticles that mimic the characteristics of massless Dirac fermions. This results in carriers which propagate with a Fermi velocity, v F , that is about 1/300 th of the speed of light leading to high room-temperature mobilities. Graphene has already demonstrated these properties serving variously as a calibration for universal constants 6 , as a transparent contact in solar cells 7 and in high frequency electronics with high cut-off frequencies 8 . While there is sustained research effort in the study of graphene, recent attention has turned to alternative 2D materials. Of particular interest are the other group IV elemental materials, silicene and germanene as predominately sp 2 near-planar analogues of Si and Ge, respectively. These materials possess a (near) honeycomb lattice and a general feature of a 2D honeycomb lattice of identical atoms is the emergence of linear band dispersion behaviour around the Fermi energy at the K point and the appearance of massless Dirac fermions which can lead to high carrier mobility.
To date silicene has been produced on Ag(111) substrates 9, 10 and Ir(111) substrate 11 , on Ag(110) as nanoribbons 12 and recently on the conductive ceramic ZrB 2 (0001)/Si(111) 13 . An energy gap between the occupied and unoccupied electron states can be engineered in these monolayers through exposure to hydrogen. For example Restrepo et al. have shown that complete hydrogenation of silicene produces silicane, which has an indirect energy gap of 2.94 eV. 14 However for a 1.6% tensile strain, the band gap changes to be direct and there is an 18-fold increase in electron mobility to be in excess of 8,550 cm 2 /Vs. A hydrogenated form of germanene may be able to be grown on GaAs, 16 though confirmation of the growth of germanene on metal substrates is awaited. Ab initio calculations have also recently investigated the properties of stanene, a monolayer version of sp 2 tin, and found that it may be a quantum spin Hall insulator with a direct energy gap of 0.3 eV. 17 Given silicon's pre-eminence as an electronic material, and the possibility of easier incorporation of silicene in devices compared to graphene, knowledge of the electronic and vibrational properties of its 2D analogue, and related materials, is of both fundamental and applied interest. Previous ab initio studies 18 have demonstrated that both silicene and germanene can adopt two different buckled geometries, referred to as low buckling (LB, less than 1 Å) and high buckling (HB). In both cases atoms in different triangular sub-lattices are offset from planarity by a total buckling height, , ( Figure   1a ). Experimental evidence of buckling has been obtained by scanning tunnelling microscopy measurements 9 -12 ; the extent of which depends on the substrate used.
Key questions that are therefore to be addressed in the present study include the quantification of the buckling for freestanding MLs, its effect on the electronic band structure and phonon dispersion, and the identification of important phonon modes, including Raman active modes. This knowledge will allow us to identify the factors that affect ML stability and further allow us to calculate the electron-phonon coupling (EPC) matrix elements. The interaction between carriers and phonons is one of the most important in condensed matter physics and it plays an important role in electrical transport, where phonon absorption and optical phonon emission at high electric fields strongly affects mobility and thermal transport.
19
Carrier relaxation in the presence of an electric field is usually described by assuming non-relativistic electron propagation, where the phonons are treated adiabatically within the Born-Oppenheimer approximation (BOA) as frozen displacements of the electronic ground state. In graphene the inverse of the zone-centre optical phonon frequency which plays an Figure 1 . (a) Atomic configuration in non-planar geometry with the atom buckling characterised by total height  each sub-lattice is offset from planarity by a height /2. HB and LB refer to high and low buckling, respectively. The electronic band structure for free-standing planar monolayers of (b) graphene, (c) silicene and (d) germanene; the occupied  and unoccupied * bands are indicated by red lines. The unoccupied 'stray' band, referred to in the text, is indicated by the blue line in (b) and (c); this band appears at much higher energies in graphene.
important role in hot carrier relaxation, is much smaller than the electron momentum relaxation time,  R , leading to a breakdown of this approximation. 20 Near the Dirac point in silicene  R has been calculated 21 to be as long as 1.8 ps, therefore analysis of the vibrational properties will also determine whether the BOA can be applied to adiabatic carrier relaxation in silicene and germanene. In this study we explore, using ab initio methods, the properties and stability of group IV 2D layered materials. Comparison of silicene and germanene's properties, such as Fermi velocity, band structure and phonon dispersion with graphene will provide new insight into the structural, electronic and vibrational properties of elemental monolayers beyond graphene and their potential insight into their electronic applications.
Computational Details
The optimised (planar and buckled) atomic arrangements, electronic band structure and phonon dispersion curves are calculated from density functional theory (DFT) and density functional perturbation theory (DFPT) via diagonalization of the dynamical matrix, respectively. A revised Perdew-Burke-Ernzerhof functional 22 within the generalised gradient approximation using DMol 3 (reference 23) and CASTEP codes 24 is used. Free-standing MLs are described by their crystallographic space group, P6/mmm (planar) and P-3m1 (buckled configurations), with layers separated by a vacuum slab of greater than 10 Å in thickness. Initially the atoms undergo a geometric optimisation by forcing the system into an atomic arrangement which is subsequently allowed to relax into the minimum energy state where the forces on the atoms are less than 0.01 eV/Å. The Brillouin zone undergoes an energy optimisation with a sampling Monkhorst-Pack grid chosen to achieve a k-point separation < 0.025 Å -1 (better than 12  12  2). Plane wave cut-off energies within CASTEP are set above 400 eV. Phonon dispersion curves are calculated using both the finite displacement method 24 and the linear response method. 25 Both methods rely on atomic perturbations of the atom geometry followed by a relaxation to define the vibrational mode. The finite displacement method produces smooth phonon branches and accurate calculations of vibrational frequencies but can miss kinks or Table 1) . The hopping integral, t, associated with electron hopping between triangular sub-lattices, is calculated from
, where a is the lattice constant; the values of t are calculated to be 2.50, 1.03 and 1.05 eV, respectively. The reduction in t found in silicene and germanene, when compared to graphene, is also associated with weaker  bonding. The high value of v F and the linear band dispersion leading to massless Dirac fermions will lead to high carrier mobilities in silicene and germanene (provided that the coupling to phonons is weak, as discussed later). Table 1 . Calculated properties for graphene, silicene and germanene in the planar, low and high buckling forms. The parameters are lattice constant, total atomic buckling (Δ), energy stability of the atoms relative to bulk crystal, Fermi velocity, highest phonon frequencies at the high symmetry  and K points, and electron-phonon coupling matrix elements. The free-standing material stability is predicted based on analysis of these properties. In planar germanene the electronic band structure shows a band (Figure 1d , blue line) crossing the Fermi level around the Γ point which results in a finite density of states and quasi-metallic behaviour. There is also an upward shift of 0.35 eV of the Dirac point relative to the Fermi level. The origin of this 'stray' band is the subject of some debate having previously 26 been assigned to a π* anti-bonding band, where it was proposed that in-plane compression pushed this band into the valence band but preserved the cone-like shape of the π and π* bands. We believe this assignment to be incorrect, rather we believe that the band is associated with an σ* anti-bonding band. Orbital analysis of all the bands crossing the  point in all three materials has been performed, see Tables S1-S3 in Within the D 6h point symmetry of the planar MLs, the E 2g LO mode at the Γ point, and the A 1 ' TO mode at the K point correspond to the Raman G and defect-activated D peaks, respectively. The corresponding modes in silicene and germanene are given in Table 1 , and our calculations predict that for free-standing undoped monolayers, respectively, a Raman peak associated with the E 2g mode of vibration at around 604 cm -1 (silicene) and 336 cm We propose that if the amplitude of this ZO mode vibration can be suppressed, equivalent to removing the zero point vibrational energy contribution to the overall ML stabilisation energy e.g. by the selection of an appropriate substrate which would dampen the out-of-plane vibrational mode, then planar silicene could be produced. However for germanene the absence of any positive frequencies associated with the ZO mode, and the negative frequencies with the ZA mode, results in two vibrational modes contributing to ML structural instability. Given the extent of the negative frequencies present associated with the two modes, stable planar freestanding germanene is unlikely.
Results and Discussion: Buckled Monolayers of Silicene and Germanene
Turning to the buckled configurations, Figure 3 , shows the electronic band structures for silicene and germanene in both LB and HB configurations. The minimum energy low bucking configuration in silicene (germanene) is characterised by  LB = 0.44 Å (0.67 Å), whereas in the high buckling configuration  HB = 2.15 Å (2.28 Å), respectively. Table 1 shows that in terms of relative stability (calculated relative to bulk Si or Ge), the LB form of silicene is 0.17 eV/atom more stable than the planar form, which itself is comparable in energy to the HB form. In the case of germanene the LB form is again the most stable, being 0.26 eV/atom more stable than the energy of the planar form though in this case the HB form of Ge is much closer in energy to the LB form being only 0.1 eV/atom higher in energy. These stabilisation energies are larger than those calculated by Scalise et al. who calculate using either the local density approximation or the generalised gradient approximation, stabilisation energies of silicene of 14 to 27 meV/atom, respectively. 27 From Figure 
Lower values of Fermi velocity were found in the study by Guzmán-Verri and Lew Yan
Voon who explored using a first nearest neighbour and second nearest neighbour tight-binding formulism to calculate the band structure. 28 They found in their planar form of silicene a Fermi velocity of about 10 5 m/s -about half that found in this study -but that in a buckled form the arrangement predominates. 10 The unit cell parameter of the 4 4 structure 13 was measured to be 11.78 Å and incorporated three hexagonal unit cells of silicene with a unit cell parameter of 3.926 Å; this value being just 1.2% larger than that calculated here suggesting the presence of a small amount of tensile strain. However the interaction with the silver substrate is complicated with substrate induced symmetry breaking resulting in 2/3 of the atoms being closer to the surface due to strong Si (3p) and Ag (5d) hybridisation. For silicene and germanene in the high buckling form the changes in the band structure make it increasingly difficult to distinguish which bands are crossing one another. In the high buckling configuration the significant movement of the atoms away from planarity allows the spin-orbit interaction to induce energy gaps. This is noticeable at the K point where a large energy gap appears in both HB silicene and germanene. The absence of significant negative frequencies for the low buckling cases would suggest they are stable. In the high buckling forms there are substantial LO and TO branches calculated to have negative frequencies, indication that these configurations are unstable.
The phonon dispersion curves in Figure 4 (a) and (b) show that LB silicene and germanene are predicted to be stable with none (in silicene) and only a small extent (germanene) of the phonons having negative frequencies. As summarised in table 1, the frequency of the zone centre phonon in the LB configuration of silicene and germanene is 556 cm -1 and 292 cm -1 ,
respectively. This value is lower than the corresponding mode in the planar monolayer (being 604 and 336 cm -1 , respectively); the reduction in the phonon frequency is attributed to the large bond length. Scalise et al. reported similar vibrational modes at 575 cm -1 (silicene) and 285 cm -1 (germanene), though the exact value depends on the choice of exchange-correlation functional employed in their calculations. 27 Our calculations show that in the low buckling configuration that the defect-activated Raman D peak appears at 503 cm -1 (silicene) and 274 in silicene and 195 cm -1 in germanene) and it is predicted to be Raman active. For silicene the TO and LO modes are predicted to have positive frequencies but in germanene they are negative. At the K point in germanene it is the TO vibrational mode that is calculated to have a substantially negative frequency; this implies that it is the in-plane vibrations that are causing high buckling germanene ML to be unstable. These TO and LO vibrations stretch the bond lengths of the highly buckled sheet, moving the atoms into a geometry that would result in germanene breaking-up into islands or nanoribbons.
Electron-Phonon Coupling and Carrier Relaxation in Silicene and Germanene
Calculation and proper identification of the phonon dispersion has important consequences for the treatment of transport and carrier relaxation. Previously it has been reported 20 that the use of the Born-Opppenheimer approximation was not valid in the study of graphene as the inverse of the frequency of the zone centre E 2g vibrational mode was very much shorter than the momentum relaxation time of the electrons. Shao et al. have recently calculated  R at 300 K near the Dirac point for silicene to be 1.8 ps for both electrons and holes 21 ; no values are known for germanene. The inverse frequency of the high frequency mode at the  vibrational mode is calculated here to be 10 fs for LB silicene and 18 fs for LB germanene, so it can be expected that problems with trying to apply the Born-Opppenheimer approximation to understand carrier relaxation in silicene and germanene will also emerge. An alternative carrier relaxation route which does not involve zone centre optical phonons is via coupling to phonons at other high symmetry points. For example, carrier relaxation in graphene can be achieved by coupling of electrons to zone boundary (K point) momentum phonons, 31 hence estimates of electron-phonon coupling strength at the high symmetry points are important. Optical phonon emission occurs when the carrier has exceeded the threshold phonon energy. 19 For graphene we calculate that this will occur via emission of a zone centre phonon with an energy of 194 meV and a zone boundary phonon of 166 meV. For the stable form of silicene the highest phonon energies are calculated to be 69 and 62 meV, respectively, and for germanene they are 36-34
meV. As we shall show below an important difference between silicene and germanene when compared to graphene, is the estimation of the efficiency of this alternative relaxation route, even though the threshold energies for phonon emission in silicene and germanene are lower than in graphene.
Electron-phonon coupling can be defined as the derivative of the hopping integral with respect to the carbon bond distance. The strength of the coupling can be described 31, 32 in terms of the EPC matrix element,
where ∆V q and ∆n q are the derivatives of the Kohn-Sham potential and charge density with respect to the displacement along the normal coordinate, respectively, and n k, is the electronic Bloch eigenstate at wavenumber k and band n. The EPC can also be expressed in terms of the product of D with the phonon characteristic length to give
where M is the atomic mass and  q is the particular phonon frequency; carrier scattering rates are proportional to g 2 . 
From and graphene, shows that the reduction in the EPC matrix element is primarily associated with the softening of the phonon dispersion curves rather than (i) an increase in atomic mass or lattice constant, (ii) a reduction in phonon frequencies or (iii) decrease in the Fermi velocity.
The significantly lower EPC matrix elements in silicene and germanene will result in a lower probability for electrons to relax adiabatically to the ground state through either zone centre or zone boundary phonon emission even though the threshold energies for phonon emission are lower.
Summary
In conclusion, ab initio calculations of monolayer group IV 2D materials have revealed the presence of linear band dispersion in planar and in low buckling configurations of silicene and germanene with a Fermi velocity that is about two-thirds that found in graphene. Analysis of the phonon dispersion curves shows that the presence of out-of-plane modes in planar silicene and germanene contributes to ML instability. For the high buckled configurations the presence of significant negative phonon frequencies suggest that free-standing monolayers are unlikely to be stable. Estimates of the electron-phonon coupling matrix elements suggest that the interaction of carriers with phonons is reduced by a factor of about 25 when compared to graphene. This will limit adiabatic relaxation of carriers by coupling to zone centre or zone boundary phonons. This will results in long momentum relaxation lengths, high mobilities and will have implications for high field transport studies in group IV monolayer materials. 
